In this prospective study we investigated the absolute accuracy of the conventional simulation in head and skull base tumors. 41 isocenters in 40 consecutive patients with tumors of the head and skull base were included. In all cases a rigid stereotactic mask system was used for non-invasive fixation. The stereotactic ("calculated") coordinates of the isocenter were defined by the treatment planning computer. Each patient underwent a physical simulation using exclusively anatomical reference points to define the "preliminary" isocenter.
Introduction
The increasing precision of planning and treatment machines and the introduction of conformal techniques emphasizes the issue of maintaining accuracy during all steps of the planning and treatment process, e.g. the accuracy of image fusion and registration or the amount of variations of the isocenter transfer to the patient. Virtual simulation has gained increasing importance during the past years due to its advantages, such as sparing of a physical simulation without loss of accuracy (1-3). Planning data concerning patient position are directly transferred to the irradiation device. Positioning will be simply achieved by the adjustment of table movement in all three directions. Afterwards, isocenter position can be marked on the skin or on the immobilization device with a waterresistant permanent marker.
Fractionated stereotactic radiotherapy (FSRT) has used this principle in patient set-up at the linac with the help of the stereotactic target positioner for the last two decades. The patient is immobilized non-invasively in a reproducible manner, e.g. by an individually molded head mask or a fixed bite block. These immobilization devices vary considerably in the extent to which they allow the patient to move and range from one to several millimeters (4-7). Dedicated stereotactic mask fixation and the adjustment of the patient at the Linac using a stereotactic target positioner reaches a precision of approximately 1-2 mm (5, 6, 8) .
Until now stereotactic irradiation has been limited to a few regions in the body. Besides brain and skull base tumors, lung and liver metastases have been treated by extracranial stereotactic radiotherapy. The majority of patients still undergo 3-D planned conformal radiotherapy using a physical simulation for transferring the isocenter position to the patient (9-11). The tools used for that are distance measurements to anatomical landmarks and digitally reconstructed radiographs (DRRs). Accuracy depends on the relationship of the target to bone structures and also on the experience of the simulating physician. Especially the accuracy of the transfer of isocenter coordinates and shifts from CT coordinates to fluoroscopy in the clinical setting after repositioning the patient on the simulator has been tested by several groups so far (2, 5, 12), but patient immobilization was not taken into account.
Thus, FSRT delivers the tools for an exclusively estimation of the accuracy of a physical simulation by means of minimizing set-up uncertainties and patient movement. Therefore, the aim of this prospective study was the a quantification of the accuracy of a conventional simulation. In addition, the influence of the experience of the simulating physician and the lesion site on the amount of isocenter displacement was investigated.
Materials and Methods
41 isocenters in 40 patients with tumors in the head and skull base were included in this prospective examination. Indications were 14 meningiomas, 12 astrocytomas °I-IV, 5 pituitary adenomas, 2 chordomas, 2 carcinomas of the paranasal sinuses, and 5 others. All patients underwent a fractionated highly conformal radiotherapy (FCRT). A conventional dose fractionation schedule of 1.8 -2.0 Gy per day 5 times weekly was used.
The fixation of the patient's head was carried out non-invasively using a stereotactic helmet mask system (Stryker-Leibinger Inc., Freiburg, Germany). Three dimensional treatment planning was based on contrast enhanced stereotactic CT and MRI studies. Slice thickness was 3 mm without gap in all cases. Acquisition matrix was 512 × 512 pixels, and the resulting voxel volume was about 1 mm 3 .
The correlation of CT and MRI images was done by defining at least 5 corresponding anatomical landmarks in both image modalities. Then the planning target volume (PTV) was defined on MR images due to their superior contrast.
In addition, patients returned for physical simulation and implementation of the treatment plan to the simulator. They were repositioned on the simulator couch in the same way as at the CT scanner. To avoid rotational errors, the mask was fixed with mounting brackets and aligned to the simulator lasers in the localization room. Correct rotation was additionally checked by visual comparison of the symmetry of the DRR and simulator image. The correct position of the isocenter was then verified under fluoroscopy by measuring the distances between the isocenter and anatomical landmarks in all three orthogonal directions. The coordinates obtained were transferred to the patient using a calibrated laser system and marked on the mask with permanent markers. X-rays were taken to document isocenter position.
The first adjustment of the patients at the Linac was performed using the stereotactic target positioner (Fig. 1 ). The movements from the preliminary ("simulated") isocenter marked during physical simulation to the intended treatment isocenter obtained by the planning system were calculated as shifts in the X-, Y-, and Z-direction and implemented by corresponding movements of the slide control mechanism of the target positioner. In orthogonal directions (anterior/posterior and lateral) with mounted stereotactic localizers portal films were exposed. Calculation of the isocenter was done based on metallic localizer structures ( Fig. 2a, b ). Further details of this method are described elsewhere (13).
The displacements ∆x, ∆y, and ∆z between the isocenter position obtained from the planning system and the isocenter position resulting from the fluoroscopic measurements were recorded in all three dimensions. The 3-D displacements ∆s were calculated using the following formula for the length of the spatial vector:
Evaluation followed each simulation in order to increase simulation accuracy and to obtain "learning effects". Statistical analysis was descriptive and used commercially available computer software packages. To obtain absolute displacement values only the amount absolute values of the measured shift was used for further calculation. Mean value, standard deviation, median value and range of the single values were determined. Changes in these values were tested by student's T test. The respective level of significance P was quoted. Time series in simulation error were analyzed by linear regression to identify a "learning effect".
The impact of the Z-coordinate value on simulation displacement was also determined.
Results
Data of the patients were evaluated concerning the accuracy of the set-up at the linac. The adjustment of the patients using the stereotactic target positioner resulted in mean dis-placement of less than 1 mm for X-, Y-, and Z-direction. No systematic deviations were seen. Median values of isocenter shift were 0.80, 0.40, and 0.40 mm and were within the range of one pixel edge length (0.59 mm). Median spatial displacement was below 1.2 mm. Maximum values over 2 mm were seen in a few cases of restless patients only. More than 75% of the adjustments were shifted approximately 1 mm or less (Table I ).
An example of the isocenter documentation after the simulation (c, d) and after the first linac set-up (a, b) is shown in Figure 2 . The coordinates obtained by the planning computer were X = -8.0, Y = 35.0, and Z = 153.0 mm. Results after the simulation were X = -4.6, Y = 36.5, and Z = 147.5 mm. Spatial displacement was calculated to 6.6 mm.
Data of all 41 isocenters were evaluated concerning the displacement in conventional simulation. Figure 3 illustrates the shift between the simulated coordinates from those obtained by the planning system for the three directions X, Y, and Z. The statistical analysis of these three groups showed no significant difference (P = 0.5). If the sign of the displacement values was not taken into account the mean (median) shifts in X, Y, and Z direction was 0.33 (0.00), -1.33 (-1.50), and 0.50 (0.30) mm, respectively. Therefore, no significant systematic error could be observed.
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The comparison of the displacement of the simulated coordinates showed mean values of 2-3 mm for each axis. Mean spatial displacement amounted 5.06 mm and median was 4.50 mm. That means that in half of the cases an isocenter shift of 5 mm or more occurred during the conventional simulation, and at least a quarter of the cases was displaced more than 6.40 mm. In 25% of the sample the deviation was below 3.45 mm only. The results are shown in detail in Table II .
The localization of the lesion also showed only minor influence on the accuracy of the physical simulation. Regarding to the tumor site we stratified the patients into two groups. One group suffered from tumors near the skull base surrounded by well defined bony anatomical structures ("basal", n=25). The other group had distant lesions in the cerebrum near the calvaria ("calvarial", n=16). As Table III shows the displacement of the simulated coordinates is very similar in these groups. A comparison of these two groups resulted in median values of 5.11 vs. 4.98 mm for spatial displacement. We neither could detect significant differences in the X-, Y-, or Z-shift nor in spatial displacement (P > 0.5).
Furthermore we wanted to detect the gain in accuracy during the increase in experience, the so-called "learning effect". Depending on the number of physical simulations minor but significant relationship was observed (P < 0.05). This is demonstrated in Figure 4 . Linear regression obtained a slightly negative slope of -0.068 mm/pat. with a regression coefficient R of -0.3298. Therefore, increasing experience in this simulation technique could increase the accuracy. Dividing the collective into two equally sized groups depending on the "former" and the "latter" patients a significant difference in spatial displacement occurred (P < 0.05) in favor of the "latter" collective. The mean spatial shift was 6.00 versus 4.17 mm.
Learning effect was more pronounced in the "calvarial" group probably due to the lack of suitable adjacent anatomical landmarks. The analysis of these two, "basal" and "calvarial" subgroup is illustrated in Figure 5 . The slope of the regression graph for basally versus calvarially located targets had a slope of -0.058 mm/pat. versus -0.30 mm/pat., respectively. For the latter group the correlation was significant (P < 0.05).
The missing anatomical landmarks surrounding the target seemed to influence the simulation displacement rather than the distance of coordinate system origin. The value of the Zcoordinate, e.g. the gap between the mask fastening ring and the isocenter had no correlation with spatial displacement (P > 0. 5) as demonstrated by Figure 6 .
Discussion
Overall accuracy of stereotactic radiosurgery techniques must achieve a displacement below 1 mm (14, 15) . Fractionated highly conformal radiotherapy combines stereotactic precision with the radiobiological advantage of fractionation. The introduction of mask systems in radiation therapy has led to a substantial increase in the quality of reproducible positioning (16, 17), but these systems are not sufficient for FSRT. Recently developed dedicated noninvasive head fixation masks allow for a repositioning accuracy of 1-2 mm, thus fulfilling the requirements for stereotactic radiotherapy (1, 5-8). Other systems, e.g. the Laitinenframe, achieved comparable precision as well (18).
The quality of imaging is usually considered the main limiting factor in planning and set-up accuracy. Contrast enhancement, slice thickness or table feed in CT or MRI directly correlate with the achievable precision (19) (20) (21) . Therefore, these parameters must be adapted to the lesion and the critical neighboring structures. MRI delivers complementary infor-mation and is thus useful for treatment planning in most cases (22) . Additional fiducial markers visible in CT, MRI, and Xray can optimize the correlation of the obtained data (9). As a consequence, definition of the target volume and calculation of isocenter coordinates can be performed more accurately. Errors in first set-up at the treatment unit are diverse and inconstant (23). With regard to translation and rotation, the errors amount to 4-8 mm and 3-5°respectively and their extent depends considerably on the treated site (5, (25) (26) (27) (28) (29) (30) . Improvement was achieved by the use of DRRs in adjustment control resulting in an accuracy of approximately 2 mm (5, 13, 31, 32) . However, the resolution of a DRR differs by factors of 3-20 compared with simulation X-ray films (31). Portal films likewise show an inferior resolution and their assessment is thus more difficult (16, 33, 34) .
Virtual simulation has also been useful in allowing for a direct transfer of the portals to the patient's skin, reaching a similarly precision of ±2 mm (1, 2, 35) . Additional repeated CT scans may be useful in some cases, too (36). Summing up, first linac adjustment should not exceed a displacement of ±2 mm. However, stereotactic radiotherapy requires superior quality. The phase of highly conformal treatment from CT planning to the first stereotactic set-up at the linac was evaluated in our study. Taking into consideration the inaccuracy of the calculated isocenter coordinates from orthogonal X-rays, the median spatial displacement of this process was 1.2 mm. This value was within the limitations of the method for estimating spatial coordinates from portal X-ray films (11). The method was introduced in our department and analyzed in detail by Spahn et al. (13) . Alternatively, a rigid fixation and stereoscopic controls can achieve comparable set-up accuracy (37).
In contrast to these considerations, our prospective investigation concerning the overall accuracy of physical simulation instead of using a stereotactic target positioner at first linac adjustment with 4.5 mm resulted in a 4-fold median spatial displacement. Increased experience in these methods obtained a significant improvement of precision as seen in the "learning curves". Despite this virtual improvement in accuracy with time ("learning effect"), we conclude that there is an average displacement in simulation of approximately 4 mm. Spatial distortion in head and neck tumors as well as lung cancer was estimated by several groups (32, 38) .
The mean values of up to 6 mm displacement observed by them was very similar to our results. Setup errors during simulation and treatment of lung cancer obtained by evaluation of portal imaging and DRRs were in the same range as observed in our collective (39).
When defining the PTV, one should consider a correction margin for immanent simulation inaccuracy besides the other factors like organ or patient movement. Niel and co-
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Technology workers (40) analyzed five patients suffering from head and neck tumors and observed in 3/5 insufficient tumor covering even with a safety margin of 1 cm. They recommended the use of external landmarks as a reference during simulation in order to reduce this margin. Depending on the amount of displacement and thickness of this margin a substantial increase in PTV volume can result. For example, if a 5 mm margin is added to initial target volumes of 10 and 20 ml, the increase amounts to 73% and 53% respectively.
In conclusion, our results showed that the achievable accuracy by physical simulation is not comparable to FSRT. Especially the small safety margins in stereotactic radiotherapy require the consequent use of the stereotactic target positioner at the first set-up. Otherwise, a substantial deterioration in treatment accuracy will result. In all patients conventionally simulated, the immanent inaccuracy in simulation has to be taken into account in PTV definition and must be extended by an adequate safety margin.
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